Data are available on Figshare. The DOIs/accession number is DOI: [10.6084/m9.figshare.1583313](http://dx.doi.org/10.6084/m9.figshare.1583313).

Introduction {#sec001}
============

Vascular disease is one of the most common causes of death in developed countries \[[@pone.0142153.ref001]\]. The migration and invasion by vascular smooth muscle cells (VSMCs) is a main cause of the vascular lesion formations that lead to vascular diseases including atherosclerosis and re-stenosis \[[@pone.0142153.ref001]\]. Matrix metalloproteinases (MMPs) play an essential role in the degradation of the extracellular matrix (ECM) components of VSMCs during plaque instability after vascular injury responses \[[@pone.0142153.ref002]\]. Both in vitro and in vivo experiments have demonstrated how the gelatinase MMP-9 (92 kDa) degradation enzyme of type IV collagen is a pivotal factor in the promotion of the vascular lesion process \[[@pone.0142153.ref002]--[@pone.0142153.ref005]\]. Many studies have reported that MMP-9 expression is stimulated by growth factors and cytokines in tumor cells and VSMCs \[[@pone.0142153.ref005]--[@pone.0142153.ref007]\]. In cumulative studies, the transcription factors NF-κB, Sp-1, and AP-1 are the main transcriptional cis-elements that induce the expression of MMP-9 \[[@pone.0142153.ref005], [@pone.0142153.ref006], [@pone.0142153.ref008]\].

Mitogen-activated protein kinase (MAPK) signaling consists of extracellular signal-regulated kinase (ERK), c-Jun N-terminal kinase (JNK), and p38MAPK \[[@pone.0142153.ref009]\]. Cumulative studies have shown that the MAPK signaling pathway is involved in the proliferation and migration of VSMCs \[[@pone.0142153.ref009], [@pone.0142153.ref010]\]. The MAPK signal transduction pathway is known to play a crucial role in the induction of MMP-9 expression in several cell types \[[@pone.0142153.ref011], [@pone.0142153.ref012]\]. TNF-α and interleukin-1β have been identified as inducers that control the MAPKs signaling pathway and MMP-9 expression in VSMCs \[[@pone.0142153.ref005], [@pone.0142153.ref012], [@pone.0142153.ref013]\].

In previous studies, p21WAF1, cyclin-dependent protein kinase inhibitor (CDKI), has played a negative role in the proliferation of VSMCs \[[@pone.0142153.ref014]--[@pone.0142153.ref016]\]. In addition to inhibitory modulation, p21WAF1 is known as a positive regulatory effector that is responsible for the proliferation of animal cells \[[@pone.0142153.ref017], [@pone.0142153.ref018]\]. As a result of much research effort, elucidation of the proliferative potential of VSMCs has led to an understanding of its role and significance as a cell-cycle inhibitor in the progression of vascular arterial formation \[[@pone.0142153.ref014]--[@pone.0142153.ref018]\]. A previous study revealed the involvement of p21WAF1 with a signaling pathway in the proliferation of VSMCs \[[@pone.0142153.ref018]\]. However, the regulatory mechanism of the cell-cycle inhibitors that control the migration and invasion of VSMCs remains to be fully elucidated.

Interleukin-16 (IL-16) has been identified as a lymphocyte chemoattractant factor \[[@pone.0142153.ref019]\]. Many studies have suggested that IL-16 transduces a signal through its receptor CD4 \[[@pone.0142153.ref020]\], which serves a variety of biological functions such as a growth factor of T cells and a differentiation factor of inflammatory response cells, and has been correlated with several forms of cancer diseases \[[@pone.0142153.ref021]\]. IL-16 induces the activation of p56^lck^, which results in the induction of PI3K/ERK/p38 cascade signaling in lympocytes \[[@pone.0142153.ref022]\]. Other studies have reported that IL-16 enhances translocation from the cytosol to the membrane via Protein kinase C activation in T cells \[[@pone.0142153.ref023]\]. In addition, IL-16 induces the activation of STAT6 through CD4 receptor in immune cell lines \[[@pone.0142153.ref024]\]. Only one study has used clinical serum samples to suggest that IL-16 could be one of the preventive biomarkers in coronary heart disease (CHD) \[[@pone.0142153.ref025]\]. However, the molecular and cellular mechanisms of IL-16 in VSMCs have not been investigated.

In the present study, we explored the roles of IL-16 and its receptor CD4 in regulating the migration and invasion by VSMCs. In addition, we introduced a novel notion whereby p21WAF1 may play a pivotal role in the regulation of migration and invasion, which is relevant to the p38MAPK signaling and Sp-1-mediated MMP-9 expression in IL-16-treated VSMCs.

Materials and Methods {#sec002}
=====================

Materials {#sec003}
---------

Recombinant IL-16, polyclonal antibodies to CD-4, rat spleen lysate were purchased from R&D Systems. (Minneapolis, MN). Polyclonal antibodies to IL-16 and rat brain tissue lysate were obtained from ProSci (Poway, CA). Polyclonal antibodies to ERK, phospho-ERK, p38MAPK, phospho-p38MAPK, JNK, and phospho-JNK were purchased from Cell Signaling (Danvers, MA). SB203580 was obtained from Calbiochem (San Diego, CA). The polyclonal antibodies against MMP-2 and MMP-9 were purchased from Chemicon. Small interfering RNA (siRNA) oligonucleotides targeting CD4-1 (si-CD4-1; `5'- UAUCUUAAGAUUCUUGAUGUU-3'`), CD4-2 (si-CD4-2; `5'- GAGCCAUAAUCUCAUCUGAGG-3'`), p21WAF1-1 (si-p21-1; `5’-CUGUCAGUCAGUCGUAGUAUU-3’`), p21WAF1-2 (si-p21-2; `5’- CCAAACGCCGGCUGAUCUUUU-3’`) and scramble (`5’-CUGUCAGUCAGUCGUAGUAUU-3’`) were designed and synthesized from Genolution (Seoul, Korea).

Cell Cultures {#sec004}
-------------

Vascular smooth muscle cells (VSMCs) were prepared from the aortas of young male Sprague Dawley rats (8 weeks old, 200-250 g), as described previously \[[@pone.0142153.ref018]\]. Animal experiment was performed with the approval of the Animal Care and Use Committee of Chung-Ang University. Briefly, the aortic vessels were separated under sterile conditions and were washed with Hanks\' balanced salt solution (HBSS). The adventitia was removed from the aortas, which were then allowed to process in 5 ml of digestion solution (0.125 mg/ml elastase, 0.25 mg/ml soybean trypsin inhibitor, 10 mg/ml collagenase I, 2.0 mg/ml crystallized bovine albumin and 15 mM HEPES) at 37°C for 45 min. The digested cells were filtered with a sterile 100-μm nylon mesh, centrifuged at 1,000 rpm for 10 min and washed twice in Dulbecco\'s modified Eagle\'s medium (DMEM) containing 10% fetal calf serum. Then they were cultured in DMEM containing 10% fetal bovine serum (FBS). To identify the VSMCs, immunofluorescence staining was performed with a specific monoclonal antibody for smooth muscle-α-actin (Sigma Aldrich, St. Louis, MO, USA). These explants were incubated in DMEM containing 10% FBS, 2 mM glutamine, 50 μg/ml gentamycin, and 50 μl/ml amphotericin-B at 37°C in a 5% CO2 atmosphere. The cells were used for 5 to 8 passages. For use in the experiments, VSMCs were grown to 80--90% confluence and rendered quiescent by serum-starvation in DMEM without FBS for at least 24 h.

\[^3^H\]Thymidine Incorporation {#sec005}
-------------------------------

Proliferation of VSMCs was evaluated by the determination of \[^3^H\]Thymidine incorporation \[[@pone.0142153.ref018]\]. Quiescent VSMCs were treated with IL-16 (50 ng/ml) for 24 h. During the last 4 h of incubation, cells were labeled with 1 μCi/ml of \[methyl-^3^H\]thymidine (New England Nuclear; Boston, MA). Incorporated thymidine uptakes were precipitated with 10% ice-cold trichloroacetic acid, solubilized in 0.2 M NaOH, and radioactivity was established using a scintillation counter (Perkin Elmer/Wallace).

Immunoblot {#sec006}
----------

VSMCs were rinsed twice with ice-cold PBS, lysed in lysis buffer (250 μL containing, in mmol/L, HEPES \[pH 7.5\] 50, NaCl 150, EDTA 1, EGTA 2.5, DTT 1, β-glycerophosphate 10, NaF 1, Na~3~VO~4~ 0.1, and phenylmethylsulfonyl fluoride 0.1, 10% glycerol, 0.1% Tween-20, 10 g/mL of leupeptin, and 2 μg/mL of aprotinin), and then scraped into a 1.5 ml eppendorf tube. The lysates were obtained after centrifugation at 4°C for 20 minutes \[[@pone.0142153.ref005], [@pone.0142153.ref018]\]. The concentrations of proteins from lysates were determined by a Bradford reagent method (Bio-Rad). The cell lysates were resolved via a 0.1% SDS--10% polyacrylamide gel (SDS-PAGE) that was transferred to nitrocellulose membranes (Hybond, Amersham Corp), then blocked with 10 mmol/L Tris-HCl (pH 8.0), 150 mmol/L NaCl, and 5% (wt/vol) nonfat dry milk. The membranes were then incubated with appropriate antibodies, and the specific proteins were detected via a chemiluminescence reagent kit (Amersham Corp). The experiments were performed repeatedly at least 3 times for the immunoblot assay \[[@pone.0142153.ref005], [@pone.0142153.ref018]\].

Conjugation of QD565 with IL-16 {#sec007}
-------------------------------

The carboxyl QD565 nanoparticles and *N*-ethyl-N′-dimethylaminopropyl carbodiimide (EDC) were incubated with IL-16 for 1 h at room temperature to confer the IL-16-conjugated QD565 with high efficiency coupling between the carboxyl groups and the amine \[[@pone.0142153.ref026], [@pone.0142153.ref027]\]. The ratio of the incubation reaction was 1:2:1000 for each of the QD565 particles, IL-16, and EDC. Unconjugated free IL-16 and EDC was removed by centrifugation for 15 min at 15,000 rpm, and then the QD565-IL-16 was briefly sonicated. The final forms of the conjugated particles were prepared in a Tris-borate buffer solution (10 m[M]{.smallcaps} Tris--HCl, 10 m[M]{.smallcaps} sodium borate, pH 7.4; Sigma, St. Louis, MO) \[[@pone.0142153.ref026], [@pone.0142153.ref027]\].

Confocal microscopy of IL-16-QD565 nanoparticles in the VSMCs {#sec008}
-------------------------------------------------------------

Confocal microscopy was performed as described previously \[[@pone.0142153.ref026], [@pone.0142153.ref027]\]. VSMCs (8 × 10^4^ cells) were cultured with pre-coated gelatin 6-well plates, and rinsed with phosphate-buffered saline (PBS). The cells were incubated with IL-16 antibody-conjugated QD565 nanoparticles for 4 h at 37°C, and fixed with a 3.7% formaldehyde solution (Sigma, St. Louis, MO). After washing three times with PBS, the 6-well plates were mounted with medium containing 4′, 6-diamidino-2-phenylindole dihydrochloride (DAPI) solution (Vector Laboratories, Inc., CA). The fluorescence staining was analyzed via confocal laser scanning microscopy (Carl Zeiss LSM 510, Carl Zeiss, Jena, Germany).

Wound healing migration {#sec009}
-----------------------

Quiescent VSMCs were cultured with 2 ml of growth medium in 6-well dishes (2 × 10^5^ cells/well). The confluent monolayers of the cells were damaged with a 2-mm-wide tip to create a wounded area, and were then incubated with IL-16. The cells were allowed to heal and the wounded areas were viewed by microscopy (× 40 magnification) after 24 h. The distance of cell migration to the wounded surface was estimated using Photoshop CS3.

Invasion assay {#sec010}
--------------

Invasion assay was determined in ECM Matrigel-coated Transwell plates (6.5 μm, Costar, Cambridge) containing polycarbonate filters with 8-μm pores, as described previously \[[@pone.0142153.ref028]\]. VSMCs (2.5 × 10^4^) were added to IL-16 in 100 μL of serum-free medium and plated in the upper chamber of the transwell plate. In addition, 600 μl of medium containing 10% FBS was supplied to the lower portion. After 24 h incubation, non-invaded cells remaining on the upper surface of the transwell plates were carefully scraped off, and cells that had invaded to the lower side were fixed and stained with crystal violet, and were then measured using a light microscope.

Zymography {#sec011}
----------

Gelatin zymograhy assay was used to analyze the enzymatic activity of MMP-9 proteins \[[@pone.0142153.ref005], [@pone.0142153.ref028]\]. Quiescent VSMCs were treated with IL-16 for various time periods. Conditioned medium was resolved on 10% SDS-polyacrylamide gels containing 1 mg/ml gelatin B (Fisher). The gel was then rinsed with 2.5% Triton X-100 at room temperature for 2 h and was followed by reaction in a buffer (10 mM CaCl~2~, 150 mM NaCl, and 50 mM Tris--HCl, pH 7.5) at 37°C overnight. The gel was stained with 0.2% Coomassie blue at room temperature and incubated with destaining solution containing 10% acetic acid and 10% methanol in distilled water. The gels were photographed on a light box. Gelatinolytic activity was visualized as a white area in a dark blue field \[[@pone.0142153.ref005], [@pone.0142153.ref028]\].

Nuclear extracts and EMSA {#sec012}
-------------------------

Nuclear proteins were extracted as described previously \[[@pone.0142153.ref028]\]. Briefly, VSMCs were washed, scraped, and suspended in a buffer (10 mM Hepes (pH 7.9), 10 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA, 1 mM DTT, and 0.5 mM PMSF). The cells were lysed in the presence of 0.5% Nonidet NP-40. The homogenates were then centrifuged, and the nuclear pellets were extracted with an ice-cold high salt buffer (20 mM Hepes pH 7.9, 0.4 M NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM DTT, and 1 mM PMSF). After centrifugation, the supernatants containing the nuclear extracts were prepared. The concentrations of proteins were measured using a Bradford reagent method (Bio-Rad).

Transcriptional activation was analyzed by EMSA, as previously described \[[@pone.0142153.ref028]\]. In brief, the oligonucleotides spanning the -79 MMP-9 cis element of interest were end-labeled with ^32^P-ATP by T4 polynucleotide kinase (Promega, Madison, WI). The nuclear extracts (10--20 μg) prepared from VSMCs were incubated with a radiolabeled oligonucleotide probe (10,000 cpm) at 4°C for 20 min in a binding buffer solution (25 mM HEPES buffer pH 7.9, 0.5 mM EDTA, 0.5 mM DTT, 0.05 M NaCl, and 2.5% glycerol, and 2 μg of poly dI/dC). The DNA-protein complex was resolved at 4°C on a 6% polyacrylamide gel containing a TBE running buffer (89 mM Tris, 89 mM boric acid and 1 mM EDTA). The gel was rinsed, dried, and then exposed to X-ray film for 10 h \[[@pone.0142153.ref028]\]. The sequences for the oligonucleotides were as follows: AP-1, `CTGACCCCTGAGTCAGCACTT`; NF-κB, `CAGTGGAATTCCCCAGCC`; and, Sp-1, `GCCCATTCCTTCCGCCCCCAGATGAAGCAG`.

Transfection {#sec013}
------------

VSMCs were transfected with either siRNA or scrambled siRNA using lipofectamine 2000 transfection reagent (Invitrogen) for 24 h following the protocols supplied by the manufacturer. Cells were incubated with serum-starved medium for 24 h. After one day, the cells were treated with IL-16, then studied via immunoblot, zymography, electrophoretic mobility shift assay (EMSA), invasion, and wound-healing migration.

Cell-cycle analysis via fluorescence-activated cell sorter (FACS) {#sec014}
-----------------------------------------------------------------

Quiescent VSMCs were cultured with various concentrations of IL-16 for 24 h. VSMCs were trypsinized, collected, and fixed in 5 ml of ice-cold 70% ethanol. After centrifugation, the cells were incubated for 30 min with PI solution (50 μg/ml propidium iodide, 50 μg/ml RNAse A in PBS). Cell-cycle distribution was analyzed via a Becton Dickinson Facstar flow cytometer supplied with Becton Dickinson Cell FIT software.

Statistical analysis {#sec015}
--------------------

Where appropriate, the data were recorded as the means ± SE. Data were verified using analysis of factorial ANOVA and Fisher's least significant difference testing. Statistical significance was determined at P \< 0.05.

Results {#sec016}
=======

Detection of IL-16 and CD4 in vascular smooth muscle cells (VSMCs) {#sec017}
------------------------------------------------------------------

To investigate the expression of IL-16 and its receptor CD4, immunoblot assay was employed using lysates from VSMCs. The expression level of IL-16 appeared to be endogenous in VSMCs cultured with medium containing 10% FBS ([Fig 1A](#pone.0142153.g001){ref-type="fig"}). In addition, under the same culture conditions, CD4 was also expressed in VSMCs ([Fig 1B](#pone.0142153.g001){ref-type="fig"}). The expression pattern of IL-16 was confirmed in the sub-cellular regions via immunofluorescence confocal microscopy analyses ([Fig 1C](#pone.0142153.g001){ref-type="fig"}). In the present study, IL-16 protein was predominantly expressed in both the cytoplasm and peri-nuclear areas in VSMCs ([Fig 1C](#pone.0142153.g001){ref-type="fig"}). We next investigated the proliferative ability of recombinant IL-16 in VSMCs using a thymidine uptake experiment. However, the level of \[^3^H\] thymidine incorporation was not changed in the IL-16-treated VSMCs compared with non-treated cells ([Fig 1D](#pone.0142153.g001){ref-type="fig"}). These results indicated that IL-16 treatment had no effect on the proliferative effect in VSMCs.

![Expression of IL-16 and its receptor CD4 in VSMCs.\
(A, B) IL-16 and CD4 are expressed in VSMCs. Cells were cultured with DMEM medium containing 10% FBS for 24 h. Then, protein levels of IL-16 and CD4 were examined by immunoblot analysis. Lysates from rat brain tissue and rat spleen used as positive control. GAPDH expression served as the loading control. (C) Confocal staining of IL-16 in VSMCs. Cells were stained with antibody against QD565-conjugated IL-16 (red). Both DAPI and tubulin-Alexa488 were used to counterstain the nuclei (blue) and cytoplasm (green). Scale bars represent 25 μm. (D) IL-16 did not affect the proliferation of VSMCs. Subconfluent cells were cultured with serum-free medium for 24 h, prior to stimulation with IL-16 for indicated concentrations. The level of thymidine uptake was evaluated using a liquid scintillation counter. Results are represented as the means ± SE from three triplicate experiments. \*P \< 0.01 compared with control.](pone.0142153.g001){#pone.0142153.g001}

IL-16 treatment induced migration and invasion by VSMCs via MMP-9 expression {#sec018}
----------------------------------------------------------------------------

The migration and invasion by VSMCs is strongly connected to vascular lesion instability \[[@pone.0142153.ref001]\]. Therefore, to investigate the migratory and invasive influence of IL-16 in VSMCs, we next performed wound-healing and invasion assays. By comparison with control cells, IL-16 treatment increased the migration of VSMCs to the wounded surface at 24 h ([Fig 2A](#pone.0142153.g002){ref-type="fig"}). In addition, the invasion of VSMCs through matrigel-plated Boyden chambers was significantly promoted in the presence of IL-16 for 24 h, compared with that of the control cells ([Fig 2B](#pone.0142153.g002){ref-type="fig"}). Since MMP-9 expression is a key regulator in the migration and invasion by VSMCs \[[@pone.0142153.ref002]--[@pone.0142153.ref005]\], the expression level of MMP-9 was evaluated using a gelatin zymography and immunoblot assay in IL-16-treated VSMCs. After 24 h exposure of VSMCs to IL-16, increased levels of MMP-9 expression were observed in a concentration- and time-dependent pattern by comparison with control cells ([Fig 2C and 2D](#pone.0142153.g002){ref-type="fig"}). The protein level of MMP-9 was confirmed via immunoblot analysis ([Fig 2C and 2D](#pone.0142153.g002){ref-type="fig"}). In addition, the expression level of MMP-2 also increased in VSMCs that were cultured with medium containing IL-16, by comparison with control cells ([Fig 2C and 2D](#pone.0142153.g002){ref-type="fig"}). These results indicate that IL-16 treatment stimulates migration and invasion through the expression of MMP-9 in VSMCs.

![IL-16 stimulated migration and invasion via MMP-9 expression by inducing the binding activity of NF-κB, AP-1, and Sp-1 motifs in VSMCs.\
(A, B) The confluent cells were cultured with serum-free medium for 24 h, followed by treatment with IL-16 (50 ng/ml) for the indicated times. Wound-healing migration assay (A) was examined by evaluating the width of injury lines. The ability of invasive cells (B) was measured using a Matrigel coated chamber assay. Scale bars represent 400 μm (wound-healing) and 100 μm (invasion). (C, D) Quiescent VSMCs were treated with various concentrations of IL-16 at the indicated times. Supernatant from cells was subjected to zymography analysis for MMP-2 and MMP-9 activity. Cell lysates were determined by immunoblot analysis using antibodies against MMP-2 and MMP-9. (E) After stimulation with IL-16 for 24 h, an EMSA was performed to detect the binding activity of NF-κB, AP-1, and Sp-1 motifs from nuclear extracts using radiolabeled oligonucleotide probes. Results are reported as the means ± SE from three triplicate experiments. \*P \< 0.01 compared with control.](pone.0142153.g002){#pone.0142153.g002}

IL-16 promoted MMP-9 expression via transcriptional activation of NF-κB, Sp-1, and AP-1 {#sec019}
---------------------------------------------------------------------------------------

Because MMP-9 expression is regulated by three types of transcription factors, NF-κB, Sp-1, and AP-1 \[[@pone.0142153.ref005], [@pone.0142153.ref006], [@pone.0142153.ref008]\], we next investigated whether IL-16 could stimulate the transcriptional activation of these factors in VSMCs. VSMCs were treated with various concentrations of IL-16 and an EMSA experiment was performed using nuclear extracts. Treatment of cells with IL-16 strongly enhanced the DNA binding activity of those transcription factors in VSMCs ([Fig 2E](#pone.0142153.g002){ref-type="fig"}). These binding activities were completely abolished by the insertion of excess unlabeled NF-κB, Sp-1, and AP-1 binding motifs ([Fig 2E](#pone.0142153.g002){ref-type="fig"}). These results demonstrated that transcriptional activation of NF-κB, Sp-1, and AP-1 binding is involved in the MMP-9 expression in IL-16-treated VSMCs.

IL-16 stimulated the phosphorylation of p38MAPK in VSMCs {#sec020}
--------------------------------------------------------

In order to determine the intracellular signaling pathway of molecular events induced by IL-16 in VSMCs, we examined the phosphorylation of MAPKs, which are upstream signaling pathway molecules in mammalian cells. VSMCs were treated with IL-16 for various time periods. Treatment of VSMCs with IL-16 resulted in the phosphorylation of p38MAPK at 5 min ([Fig 3A](#pone.0142153.g003){ref-type="fig"}). The phosphorylation of p38MAPK reached a peak at 10 min in IL-16-treated VSMCs ([Fig 3A](#pone.0142153.g003){ref-type="fig"}). In addition, treatment with IL-16 at a 50 ng/ml concentration for 10 min induced the phosphorylation of p38MAPK in VSMCs ([Fig 3B](#pone.0142153.g003){ref-type="fig"}). Furthermore, the IL-16-induced phosphorylation level of p38MAPK was suppressed by the addition of specific p38MAPK signaling inhibitor SB203580 in VSMCs ([Fig 3C](#pone.0142153.g003){ref-type="fig"}). However, IL-16 treatment had no effect on the phosphorylation of either ERK1/2 or JNK in VSMCs ([Fig 3A](#pone.0142153.g003){ref-type="fig"}). These data indicate that p38MAPK signaling might be connected with IL-16-induced molecular responses of VSMCs.

![IL-16 induced the phosphorylation of p38MAPK in VSMCs.\
(A) Quiescent VSMCs were incubated with IL-16 (50/ng/ml) for the indicated time periods. Cell lysates were assessed by immunoblot analysis using specific antibodies against phopho-ERK1/2, ERK1/2, phospho-p38, p38, phospho-JNK, and JNK. Results are reported as the means ± SE from three triplicate experiments. \*P \< 0.01 compared with control. (B) Quiescent VSMCs were cultured with IL-16 for 10 min at the indicated concentrations. Cell lysates were subjected to immunoblot analysis for the phosphorylation of p38MAPK. \*P \< 0.01 compared with control (C) Quiescent VSMCs were pre-incubated with SB203580 (10 μM) for 40 min prior to IL-16 treatment (50 ng/ml) for 10 min. The phosphorylation levels of p38MAPK were evaluated by immunoblot. \*P \< 0.01 compared with IL-16 treatment.](pone.0142153.g003){#pone.0142153.g003}

p38MAPK signaling is involved in the IL-16-induced migration and invasion of VSMCs via Sp-1-mediated MMP-9 expression {#sec021}
---------------------------------------------------------------------------------------------------------------------

In order to investigate the potential involvement of the p38MAPK signaling pathway in the IL-16-induced VSMC responses, we employed SB203580 (p38MAPK specific signaling inhibitor). VSMCs were pretreated with SB203580, which was followed by IL-16. As shown in [Fig 4A and 4B](#pone.0142153.g004){ref-type="fig"}, pretreatment of VCMCs with SB203580 completely suppressed the migration and invasion of VSMCs induced by IL-16 to baseline levels. In addition, the inhibition of p38MAPK signaling by SB203580 decreased the MMP-9 expression in IL-16-treated VSMCs ([Fig 4C](#pone.0142153.g004){ref-type="fig"}). To examine the exact role of p38MAPK in the regulatory mechanism of MMP-9 expression, EMSA assay was performed in IL-16-treated VSMCs using the DNA binding motifs of NF-κB, Sp-1, and AP-1 from nuclear extract. The IL-16-induced activity of the Sp-1 binding motif was significantly abolished in the presence of SB203580 in VSMCs ([Fig 4D](#pone.0142153.g004){ref-type="fig"}). However, the binding activities of the NF-κB and AP-1 motifs were not affected by the addition of SB203580 in IL-16-treated VSMCs ([Fig 4D](#pone.0142153.g004){ref-type="fig"}). These results demonstrate that p38MAPK signaling is associated with the IL-16-induced migration and invasion of VSMCs through Sp-1-mediated MMP-9 expression.

![Inhibition of p38MAPK interfered with the IL-16-stimulated induction of migration, invasion, MMP-9 expression, and the Sp-1 motif activation in VSMCs.\
Quiescent VSMCs were pre-cultured with SB203580 (10 μM) for 40 min, prior to IL-16 (50 ng/ml) stimulation for 24 h. (A, B) Indicated cells were examined to determine the migratory capacity and invasive potential using wound-healing migration and matrigel invasion assay. Scale bars represent 400 μm (wound-healing) and 100 μm (invasion). \*P \< 0.01 compared with IL-16 treatment. (C) Production of MMP-9 was analyzed by gelatin zymography using the conditional medium from indicated cells. Cell lysates were examined to determine the protein level of MMP-9 via immunoblot experiment. \*P \< 0.01 compared with IL-16 treatment. (D) EMSA was performed with nuclear extract from indicated cells to determine the activation of NF-κB, AP-1, and Sp-1 binding motifs using radiolabeled oligonucleotide probes. Results are reported as the means ± SE from three triplicate experiments. \*P \< 0.01 compared with IL-16 treatment.](pone.0142153.g004){#pone.0142153.g004}

Role of CD4 in migration, invasion, MMP-9 expression, p38MAPK phosphorylation, and activation of the Sp-1 binding motif in IL-16-treated VSMCs {#sec022}
----------------------------------------------------------------------------------------------------------------------------------------------

CD4 receptor is required for the biological responses of IL-16 in immune cell lines \[[@pone.0142153.ref020], [@pone.0142153.ref021]\]. Because CD4 expression was detected in VSMCs, we next investigated the potential role of CD4 in the IL-16-induced responses of VSMCs. To determine whether CD4 is essential for the VSMCs to respond to IL-16, we generated a receptor-specific siRNA knockdown system (si-CD4-1), which suppressed the expression of CD4 at protein levels ([Fig 5E](#pone.0142153.g005){ref-type="fig"}). The knockdown of CD4 blocked the promotion of migration and invasion in IL-16-treated VSMCs ([Fig 5A and 5B](#pone.0142153.g005){ref-type="fig"}). In addition, the transfection of si-CD4-1 inhibited the increase in the phosphorylation of p38MAPK and the level of MMP-9 expression induced by IL-16 in VSMCs ([Fig 5C](#pone.0142153.g005){ref-type="fig"}). Furthermore, the enhanced IL-16-induced binding activity of Sp-1 was effectively attenuated in the VSMCs transfected with si-CD4-1 ([Fig 5D](#pone.0142153.g005){ref-type="fig"}). Similar results were observed in another CD4 siRNA gene (si-CD4-2) transfected cells ([S1A--S1E Fig](#pone.0142153.s001){ref-type="supplementary-material"}). These findings demonstrate that IL-16 promotes migration, invasion, p38MAPK phosphorylation, and Sp-1-mediated MMP-9 expression via the binding of CD4 in VSMCs.

![Effect of si-CD4-1 on IL-16-induced promotion of migration, invasion, p38MAPK phosphorylation, MMP-9 expression, and Sp-1 binding activity in VSMCs.\
Cells were transfected with either si-CD4-1 or scramble siRNA, then followed by stimulation of IL-16 for 24 h. (A, B) Indicated cells were subjected to wound-healing assay and invasion assay. Scale bars represent 400 μm (wound-healing) and 100 μm (invasion). \*P \< 0.01 compared with IL-16 treatment. (C) Zymography and immunoblot was used to determine the MMP-9 expression using cell supernatants and cell lysates. For the phsosphorylation of p38MAPK, transfected cells were incubated for 10 min, and then the cell lysates were analyzed via immunoblot. \*P \< 0.01 compared with IL-16 treatment. (D) After transfection of either si-CD4-1 or scramble siRNA, indicated cells were cultured with IL-16 (50 ng/ml) for 24 h. Binding activity of the Sp-1 motif was examined by EMSA from nuclear extracts using radiolabeled oligonucleotide probes. Unlabeled Sp-1 (1 picomole) was used as a competitor control. \*P \< 0.01 compared with IL-16 treatment. (E) The efficacy of silencing gene of CD4 in VSMCs. Cells were transfected with either si-CD4-1 or scramble siRNA. The protein level of CD4 was evaluated by immunoblot. GADPH was used as an internal control. Results are reported as the means ± SE from three triplicate experiments. \*P \< 0.01 compared with control.](pone.0142153.g005){#pone.0142153.g005}

Cell-cycle inhibitor p21WAF1 expression is up-regulated in IL-16-treated VSMCs {#sec023}
------------------------------------------------------------------------------

To test whether IL-16 affects the cell-cycle regulation in VSMCs, we first investigated the cell-cycle population using FACS analysis. The results from the FACS approach showed that the cell-cycle distribution in the G1-, S-, and G2/M-phases was not altered by the addition of VSMCs with IL-16 for 24 h ([Fig 6A and 6B](#pone.0142153.g006){ref-type="fig"}). We next examined the expression level of cell-cycle inhibitors in IL-16-treated VSMCs because cell-cycle inhibitors have been deeply associated with mitogen-mediated vascular cellular responses \[[@pone.0142153.ref014]--[@pone.0142153.ref018]\]. To this end, VSMCs were incubated with IL-16 for 24 h. Then, we measured the expression levels of cell-cycle inhibitory regulators including p21WAF1, p27KIP1, and p53 stimulated by IL-16 in VSMCs. As shown in [Fig 6C](#pone.0142153.g006){ref-type="fig"}, the expression level of p21WAF1 was significantly increased in IL-16-treated VSMCs ([Fig 6C](#pone.0142153.g006){ref-type="fig"}). At the tested concentration of IL-16 (50 ng/ml), p21WAF1 expression was peaked in VSMCs ([Fig 6C](#pone.0142153.g006){ref-type="fig"}). In addition, we observed that IL-16 treatment had no effect on the expression levels of either p27KIP1 or p53 ([Fig 6C](#pone.0142153.g006){ref-type="fig"}). These data suggest the notion that p21WAF1 might regulate the physiological function of IL-16-mediated VSMC responses.

![IL-16 induced expression of p21WAF1 in VSMCs. Quiescent VSMCs were incubated with indicated concentrations of IL-16 for 24 h.\
(A) Indicated cells were then subjected to flow cytometric analysis for the determination of cell-cycle distribution in the presence of IL-16. (B) The percentage of the cell population in each phase is shown in the table. (C) Cell lysates were obtained from the indicated cells, and then were subjected to immunblot using specific antibodies against p21WAF1, p27KIP1, and p53. The GAPDH was loaded as an internal control. Results are reported as the means ± SE from three triplicate experiments. \*P \< 0.01 compared with control.](pone.0142153.g006){#pone.0142153.g006}

p21WAF1 is an important regulator in the IL-16-induced migration, invasion, p38MAPK phosphorylation, and Sp-1-mediated MMP-9 expression of VSMCs {#sec024}
------------------------------------------------------------------------------------------------------------------------------------------------

We finally investigated whether p21WAF1 regulates the IL-16-mediated VSMC responses by introducing a knockdown of the p21WAF1 expression using the siRNA system ([Fig 7E](#pone.0142153.g007){ref-type="fig"}). Transfection of VSMCs with p21WAF1-specific siRNA (si-p21-1) blocked the increased migration and invasion in response to IL-16 ([Fig 7A and 7B](#pone.0142153.g007){ref-type="fig"}). Knockdown of p21WAF1 also significantly diminished the induction of p38MAPK phosphorylation in IL-16-treated VSMCs ([Fig 7C](#pone.0142153.g007){ref-type="fig"}). Moreover, IL-16-induced MMP-9 expression in VSMCs was abolished by the transfection of si-p21-1 ([Fig 7C](#pone.0142153.g007){ref-type="fig"}). To further investigate the detailed regulatory mechanism of MMP-9, as induced by IL-16, we used EMSA to focus on the transcriptional regulation. As shown in [Fig 7D](#pone.0142153.g007){ref-type="fig"}, VSMCs transfected with si-p21-1 reversed the enhanced binding activation of Sp-1 that had been induced by IL-16. Finally, similar results were found in VSMCs transfected with another design of p21WAF1 siRNA (si-p21-2) ([S2A--S2E Fig](#pone.0142153.s002){ref-type="supplementary-material"}). Based on these results, p21WAF1 might contribute to migration and invasion through p38MAPK-associated MMP-9 expression by enhancing the activation of the Sp-1 binding motif in IL-16-treated VSMCs.

![Involvement of p21WAF1 in the induction of migration, invasion, p38MAPK phosphorylation, MMP-9 expression, and Sp-1 binding activity in IL-16-stimulated VSMCs.\
VSMCs were transfected with either si-p21-1 or scramble siRNA, and stimulated with IL-16 (50 ng/ml) for 24 h. (A, B) Indicated cells were examined via wound-healing migration and invasion assay. Scale bars represent 400 μm (wound-healing) and 100 μm (invasion). \*P \< 0.01 compared with IL-16 treatment. (C) Expression level of MMP-9 was determined by zymography and immunoblot analysis using culture medium and cell lysates. For the phosphorylation level of p38MAPK, indicated transfected cells were cultured with IL-16 for 10 min. Immunoblot was performed with antibody specific for p38MAPK using cell lysates. \*P \< 0.01 compared with IL-16 treatment. (D) Transfected cells were incubated with IL-16 (50 ng/ml) for 24 h. Nuclear extracts were acquired from indicated cells, then subjected to EMSA for an evaluation of the binding activity of the Sp-1 motif using radiolabeled oligonucleotide probes. One picomole of unlabeled Sp-1 was loaded as a negative control (competitor). \*P \< 0.01 compared with IL-16 treatment. (E) Effect of knockdown of p21WAF1 gene in VSMCs. VSMCs were transfected with either si-p21-1 or scramble siRNA. The efficacy of silencing the p21WAF1 gene was assessed by immunoblot. GAPDH was employed as a loading control. Results are reported as the means ± SE from three triplicate experiments. \*P \< 0.01 compared with control.](pone.0142153.g007){#pone.0142153.g007}

Discussion {#sec025}
==========

The current study is the first to document the roles and significance of the regulatory mechanism of cytokine IL-16 in VSMCs. The main finding of the present study establishes IL-16 as a key regulator of migration and invasion by VSMCs via binding with CD4, which results in the induction of p38MAPK phosphorylation, MMP-9 expression, and Sp-1 binding activation. In addition, we also identified p21WAF1 as a pivotal molecule in modulating the physiological function of IL-16-induced VSMC responses.

The identification of IL-16 as an immune responsive factor of lymphocytes and hematopoietic cells also addressed the question of its pathological functions in solid tumors \[[@pone.0142153.ref021]\]. Clinical evidence from previous studies have reported mechanistic links of IL-16 to the progression of several forms of cancer such as cutaneous T cell lymphoma, multiple myeloma, breast, lung, and prostate \[[@pone.0142153.ref021]\]. Only one previous report has noted up-regulated levels of IL-16 in the serum samples of clinical patients bearing coronary heart disease (CHD) \[[@pone.0142153.ref025]\]. However, the functional role of IL-16 in vascular diseases has not previously been investigated. The present data from immunoblot and immunostaining experiments found the expression of both IL-16 and CD4 in VSMCs. Based on this finding, we assumed that IL-16 might play a critical role in the development of vascular plaque lesion formation, which was attributed to vascular diseases such as atherosclerosis and re-stenosis. Then, we launched an immediate study into how IL-16 might contribute to the physiological function of VSMCs in arterial lesion formation.

Previous studies have demonstrated that the increased expression of MMP-2 and MMP-9 is strongly associated with a formation of vascular lesions \[[@pone.0142153.ref002]\]. Cumulative data have shown that induction of MMP-9 expression is observed in a rat arterial injury model \[[@pone.0142153.ref002], [@pone.0142153.ref029]\]. Pathology studies from a knock-out study have suggested that MMP-9 is closely correlated with the development of vascular arterial lesion through its ability to control migration of VSMCs \[[@pone.0142153.ref003], [@pone.0142153.ref004]\]. Therefore, the role of MMP-9 regulation has been focused on the progression of vascular lesion formation. Cumulative reports have suggested that growth factors and cytokines enhance MMP-9 expression via an increased binding activation of transcription factors NF-κB, Sp-1, and AP-1 motifs \[[@pone.0142153.ref002]--[@pone.0142153.ref008]\]. In the present study, IL-16 up-regulated MMP-9 expression by promoting the activation of NF-κB, Sp-1, and AP-1 binding motifs in VSMCs. In addition, our data indicated that IL-16 induces migration and invasion by VSMCs. Thus, we suggest the novel notion that cytokine IL-16 might mediate MMP-9 expression via the positive regulation of transcription factors NF-κB, Sp-1, and AP-1 binding motifs, which then leads to migration and invasion by VSMCs.

It is now well recognized that signaling pathways regulate the migration and invasion by VSMCs in the presence of growth factors and cytokines \[[@pone.0142153.ref009], [@pone.0142153.ref010]\]. Several lines of studies have demonstrated how IL-16 binds to CD4, and then transduces signaling via the p56^lck^/PI3K/ERK/p38 cascade, protein kinase C phosphorylation, and the STAT6 pathway in several immune cells \[[@pone.0142153.ref022]--[@pone.0142153.ref024]\]. A number of studies have demonstrated that signaling pathway is strongly linked with transcription factor-mediated MMP-9 regulation in several cell lines \[[@pone.0142153.ref005], [@pone.0142153.ref028], [@pone.0142153.ref030]\]. Previous result suggested the transcription factor NF-κB as a main factor in ERK1/2-mediated expression of MMP-9 in TNF-α-treated VSMCs \[[@pone.0142153.ref005], [@pone.0142153.ref030]\]. Other study has shown that p38MAPK signaling is involved in the IL-1β-induced MMP-9 expression via activation of AP-1 in A549 cells \[[@pone.0142153.ref005], [@pone.0142153.ref030]\]. In the present study, our data indicated that phosphorylation of p38MAPK was significantly induced by IL-16 treatment in VSMCs. In addition, p38MAPK mediated MMP-9 expression via the activation of Sp-1 binding, which subsequently led to migration and invasion by VSMCs in response to the binding of IL-16 to CD4. The identification of the p38MAPK pathway as a migratory and invasive signaling molecule that immediately connects cytokine IL-16 and transcription factor Sp-1-mediated MMP-9 expression leading to vascular remodeling may suggest an important potential therapeutic target molecule.

The proliferation of VSMCs is generally regulated by cell-cycle progression after vascular injury \[[@pone.0142153.ref014]--[@pone.0142153.ref018]\]. However, the role of cell-cycle regulation in the migration and invasion by VSMCs has not been reported. We reveal here the regulatory mechanism of the cell-cycle regulation in the IL-16-induced migration and invasion of VSMCs. In the present study, our data showed that IL-16 did not affect the cell-cycle progression that is responsible for the G1-, S-, and G2/M-phase population in VSMCs. In a thymidine uptake experiment, IL-16 did not induce a proliferation of VSMCs. We next sought to determine whether IL-16 could modulate the expression levels of cell-cycle regulators and tumor-suppressor gene p53 in VSMCs. Results showed that the p21WAF1 expression was significantly up-regulated in IL-16-treated VSMCs, without altering the expression levels of either p27KIP1 or p53. Our data also revealed that the knockdown of p21WAF1 expression abolished the majority of the migration and invasion by VSMCs induced by IL-16, indicating the novel notion that p21WAF1 is a positive key regulator in IL-16-induced migration and invasion by VSMCs. These observations were further supported when results showed that p21WAF1 regulated p38MAPK-mediated MMP-9 expression via the up-regulated binding activation of the Sp-1 motif in the migration and invasion of VSMCs in response to IL-16. These results suggest that p21WAF1 might play a pivotal role in mediating the migration and invasion by IL-16-stimulated VSMCs, which guides to the vascular plaque instability.

In summary, our results provide the first evidence that the binding of IL-16 to CD4 is an essential molecular event that is required for migration and invasion of VSMCs. Our study indicates that p21WAF1 might regulate the p38MAPK signaling pathway via MMP-9 expression by inducing the binding activity of the Sp-1 motif in controlling the migration and invasion of IL-16-stimulated VSMCs, which leads to the formation of vascular lesions in vascular diseases such as atherosclerosis and restenosis. Thus, IL-16 might be act as a novel potential target for the treatment of vascular diseases. Further study is required to examine the efficacy of IL-16 using animal models.
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###### Effect of CD4 siRNA (si-CD4-2) on IL-16-induced VSMCs responses.

VSMCs were transfected with either si-CD4-2 or scramble siRNA. (A, B) Cells were stimulated with IL-16 for 24 h, and the wound-healing assay and invasion assay was performed. Scale bars represent 400 μm (wound-healing) and 100 μm (invasion). \*P \< 0.01 compared with IL-16 treatment. (C) Zymography and immunoblot for MMP-9 expression in indicated cells using cell supernatants and cell lysates. For the p38MAPK phosphorylation, transfected cells were stimulated for 10 min, and then cell lysates were subjected to immunoblot. \*P \< 0.01 compared with IL-16 treatment. (D) EMSA for the binding activity of the Sp-1 motif in either si-CD4-2 or scramble siRNA transfected cells after treatment with IL-16 for 24 h. \*P \< 0.01 compared with IL-16 treatment. (E) Knockdown efficiency of CD4 siRNA (si-CD4-2) was confirmed by immunoblot in VSMCs. The protein levels were normalized GAPDH. \*P \< 0.01 compared with control. Results are reported as the means ± SE from three triplicate experiments.

(TIF)

###### 

Click here for additional data file.

###### Role of p21WAF1 siRNA (si-p21-2) on IL-16-induced responses of VSMCs.

(A, B) **Confluent cells** were transfected with either si-p21-2 or scrambled siRNA, and then stimulated with IL-5 (50 ng/ml) for 24 h, followed by analysis of the wound-healing assay and invasion assay. Scale bars represent 400 μm (wound-healing) and 100 μm (invasion). \*P \< 0.01 compared with IL-16 treatment. (C) After transfection with either si-p21-2 or scrambled siRNA, the cells were incubated with IL-16 for 24 h, and then cell supernatants and cell lysate were subjected to zymography and immunoblot for the detection of MMP-9 expression. For the p38MAPK signaling, si-p21-2 or scrambled siRNA transfected cells were pretreated with IL-16 for 10 min. The level of p38MAPK phosphorylation was determined in the cell lysates using immunoblot. \*P \< 0.01 compared with IL-16 treatment. (D) Transfected cells were stimulated with IL-16 for 24 h, and EMSA was performed for the detection of Sp-1 DNA binding activity. (E) The effectiveness of p21WAF1 gene silencing was confirmed using immunoblot. GAPDH was included as a loading control. \*P\<0.01compared with control. Results are reported as the means±SE from three triplicate experiments.

(TIF)

###### 

Click here for additional data file.
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